Expanded poly(tetrafluoroethylene) (ePTFE) films grafted with 2-hydroxyethyl methacrylate (HEMA) were applied to a polymer support for urease immobilization. The amount of absorbed water for HEMA-grafted ePTFE (ePTFE-g-PHEMA) films prepared by the combined use of the plasma treatment and photografting increased with an increase in the grafted amount and the ePTFE-g-PHEMA films possessed high water-absorptivities. Imidazole groups were introduced to grafted PHEMA chains with 1, 1 '-carbonyldiimidazole in acetonitrile, and then urease was covalently immobilized to the ePTFE-g-PHEMA films in a pH 7.0 buffer at 4 °C. The activity of Urease immobilized at pH 7.0 had the maximum value at the optimum pH level of 7.5 for native urease. The relative activity of immobilized urease was kept almost constant in the range below the immobilized amount of 40 mg/g-ePTFE and decreased probably due to crowding of urease molecules in the grafted layers at further increased immobilized amounts. An increase in the grafted amount resulted in a decrease in the relative activity of immobilized urease because the diffusivity of the substrate urea into the grafted layer decreased. The optimum temperature of the activity for urease was shifted to 60 °C from 30 °C for native urease by the covalent immobilization onto the ePTFE-g-PHEMA films and immobilized urease was repeatedly usable without a considerable decrease in the activity in the regions of the pH 6.0 to 9.0 and 10 to 60 °C.
1, Introduction
Considerable attention in the last few decades has been focused on the preparation of immobilized enzymes, and a variety of support matrices and techniques for immobilization have been developed [l, 2] . Immobilized enzymes have several advantages over the free enzyme including their ease of recoverability, reusability, and thermal and pH stabilities. Among the support matrices used, polymer materials have been used extensively since they can have various functional groups and can be easily modified [3, 4] .
Among the enzyme immobilization methods, the covalent binding is the most important method because leakage of the enzyme can be avoided to a great extent. To be suitable for the covalent binding of enzymes, the supports should display the following properties: a hydrophilic nature, an active functional group, resistance to biodegra-dation, and so on. In addition, the covalent binding of enzymes must be carried out under mild conditions to avoid their inactivation. We have chosen 2-hydroxyethyl methacrylate (HEMA)-grafted expanded poly(tetrafluoroethylene) (ePTFE-g-PHEMA) films as supporting materials for the enzyme immobilization because of good chemical stability and mechanical strength of the ePTFE film and the water-solubility and bio-compatibility of PHEMA. In this study, the ePTFE-g-PHEMA films were prepared by the combined use of the plasma treatment and photo-grafting, and then urease was covalently immo-bilized onto the CDI-activated grafted PHEMA chains. Attempts were made to optirhize coupling conditions as a function of the pH level on covalent immobilization, the grafted amount, and the immobilized amount. The activity of immo-bilized urease was measured at different pH levels and temperatures and compared with that of native urease.
Method 2.1. Materials
An ePTFE film (diameter 47 mm (surface area 17.3 cm2); thickness 35 µm; average pore size 3.0 µm; degree of vacancy 79%) was used as a polymer support from Toyo Roshi Co. Ltd. (Japan). The ePTFE films were washed with methanol and acetone by use of a Soxhlet's extractor, and then dried under reduced pressure. HEMA was purified by distillation under reduced pressure. Urease (EC 3.5.1.5, Type IX powder from Jack Beans) with specific activity of 100 U/mg was received from Sigma Chemical Co.
Plasma treatment and Photografting
Both sides of the ePTFE films were exposed to oxygen plasmas generated at output of 200 W for 120 s under a vacuum of 6.67 Pa (0.05 Ton) using a Shimadzu LCVD 20-type plasma polymerization apparatus, while the sample holder was rotated at 60 rpm during the plasma treatment. The plasmatreated ePTFE films were preserved in an atmosphere of oxygen for 30 mm to form oxygencontaining functional groups [5, 6] .
The plasma-treated ePTFE films were dipped in a 5 0 cm3 of acetone solution containing 0.25 g benzophenone (BP) for 1 min to coat their surfaces with BP, and then immersed in an aqueous 20 vol% methanol solution of HEMA at monomer concentration of 1.0 M in the Pyrex glass tubes. The photografting of HEMA was carried out using a 400 W high-pressure mercury lamp. The grafted amount was calculated from the weight increase of the samples in mmol/g-ePTFE [7] .
Membrane
Properties of ePTFE-g-PHEMA films
Membrane properties of the ePTFE-g-PHEMA films were investigated in the manner described in our previous studies [7] . The surface areas of the ePTFE-g-PHEMA films were measured using a slide caliper. The area ratio was calculated from the sizes before and after the photografting and immersion in water. The surface morphologies of ePTFE-g-PHEMA films gold-coated in a vacuum evaporator were examined through a JEOL JSM 5400-type SEM microscope.
The amount of absorbed water was calculated from the weight increase of the ePTFE-g-PHEMA films immersed in distilled water for 48 h at 30 °C. In addition, nweter value, the amount of bonded or assigned per HEMA monomer segment, was calculated from the amounts of grafted HEMA and absorbed water [7, 8] .
Immobilization of urease
The ePTFE-g-PHEMA films swollen in acetonitrile for 24 h were immersed in an acetonitrile solution (40 cm3) containing 0.15g 1,1'-carbonyldiimidazole (CDI) for 2 h at 25 °C to introduce a imidazole group to a terminal -OH group. After the reaction, the ePTFE-g-PHEMA films were washed sequentially with a decreasing amount of acetonitrile in water (100, 75, 50, 25, vol% of acetonitrile) and finally with water [9] . The amount of bonded CDI was determined by measuring the aliquots diluted 200-fold with aceto-nitrile at 210 nm before and after the reaction.
The CDT-activated ePTFE-g-PHEMA films were immersed in a phosphate buffer of pH 7.0 (I = 0.01 M, V = 20 cm3) containing 10 mg of crease for 24 h at 4 °C with a moderate stirring. The amount of immobilized urease was spectrophotometrically determined at 207 urn. The ureaseimmobilized ePTFE-g-PHEMA (urease-i-(ePTFEg-PHEMA)) films were washed with and preserved in a pH 7.0 buffer at 4 °C.
Activity measurements
The unease-i-(ePTFE-g-PHEMA) films swollen in the buffers were immersed in the buffers of the pH levels of 6.0 to 9.0 (V = 40 cm3) containing 0.040 mmol of urea at 30 °C to start the enzymatic reaction. The activities of free and immobilized unease were estimated by determining the specific initial velocity from the relationship of the amount of ammonia liberated from the unease-catalyzed hydrolysis of urea with the reaction time. The ammonium concentration was determined spectrophotometrically by the reaction of phenol with hypochlorite [10, 11] . A 2.0 cm3 of aqueous solution of phenol (0.106 M) and sodium nitroprusside dihydrate (0.168 mM) was added to the 0.1 cm3 of aliquots taken from the reaction solution at regular time intervals to stop the enzymatic reaction. Then, to the solution, a 2.0 cm3 of aqueous solution of sodium hydroxide (0.125 M) and sodium hypochlorite (11.8 mM) was added. After the mixtures were shaken at 37 °C for 20 min for color development, the absorbance was read at 635 nm. The relative activity was expressed as the ratio of the specific initial velocity of the immobilized urease to that of native urease.
3. Results and Discussion 3.1. Grafting of HEMA onto ePTFE films The ePTFE-g-PHEMA films with a high grafted amount were prepared by using an aqueous 20 vol% methanol solution in the place of water as solvent for the photografting of HEMA in order to increase the solubility of PHEMA. As shown in Table  1 , ePTFE-g-PHEMA films with a high grafted amount were prepared by the UVirradiation onto the ePTFE films coated with BP subsequent to the plasma treatment. In addition, the BP coating led to a further increase in the grafted amount. On the other hand, the grafting of HEMA little occurred for the thermal grafting onto the pretreated PTFE film without the UV irradiation at 60 °C. These results indicate that both plasma treatment and UV irradiation need to initiate the grafting of HEMA onto the ePTFE films and the BP coating is an effective procedure to further increase the grafted amount.
Membrane
The grafted amount increased with an increase in the irradiation time and reached 18 mmollg-ePTFE for the UV-irradiation time of 180 min at 60 °C . Figure 1 shows the SEM pictures of the surface appearance of ePTFE-g-PHEMA films with different grafted amounts. It can be under-stood that the pore size was diminished by the photografting of HEMA and the photografting on the fibrous pore surfaces inside the ePTFE films also considerably occurred at a high grafted amount.
Figures 2 (a) and (b)
show the dimensional change and water-absorptivity as a function of the grafted amount. The area ratio decreased with an increase in the grafted amount. This contraction is considered to be caused by the hydrogen bonding between hydroxyl groups affixed to grafted PHEMA chains. The improvement of hydrophilicities of the whole ePTFE films by the grafting of PHEMA was estimated from the waterabsorptivities. It was found from Figures 2 (a) and (b) that the amount of absorbed water increased with an increase in the grafted amount and the ePTFE-g-PHEMA films were expanded by the water absorption. The nwater value decreased with an increase in the grafted amount. Grafted PHEMA chains located in the vicinity of the outer surfaces are considered to be capable of occluding a large amount of water molecules compared to those formed on the pore surfaces inside the ePTFE films. It can be inferred that the location of the photografting is restricted to the vicinity of the outer surfaces of the ePTFE films in the beginning of the photografting and that the photografting progress into the pore surfaces inside the ePTFE Table 1 Grafting of HEMA onto ePTFE film films at higher grafted amounts, leading to a slower increment of the amount of absorbed water .
Immobilization of urease onto ePTFE-g-PHEMA films
Imidazole groups were chemically bonded to terminal -OH groups of the grafted PHEMA chains with CDI. Although the amount of bonded CDI decreased with an increase in the grafted amount at the constant reaction time for 2 h, imidazole groups were introduced at a high conversion in the region at a grafted amount (72 % for 2.89 mmollg-ePTFE) . The reaction of terminal -OH groups affixed to grafted PHEMA chains formed on the pore surfaces inside the ePTFE films with CDI would be restricted at higher grafted amounts probably due to the densification of grafted PHEMA chains inside the ePTFE films and the decrease in the diffusivity of CDI molecules into the grafted layers.
The activities of urease immobilized onto the ePTFE-g-PHEMA films with the grafted amount of 4.96 mmol/g~film (conversion = 35.3 %) at the pH levels of 6.0 to 9.0 were measured at the optimum pH level of 7.5 for native urease and 30 °C. In addition, the activities were measured of native urease of the same amount as urease immobilized onto the ePTFE-g-PHEMA films dissolved in a pH 7.5 buffer (V -40 cm3) to determine the relative activities of immobilized ureas in relation 3.4 The effects of the pH and temperature at the activity measurement on the activity The activities of urease immobilized on an ePTFE-g-PHEMA film with the grafted amount of 5.64 mmol/g-ePTFE at pH 7 .0 were measured in the pH 6.0 to 9.0 region . Figure 4 shows the variation in the relative activity of immobilized urease with the pH level at the activity measurements. The activity of immobilized urease had the maximum value at pH 7.5 in the same manner as native urease. In addition, the activity was kept constant irrespective of the pH level , even if the activity measurements were repeated at least 5 times. This result indicates that the deactivation and isolation of immobilized urease little Figure 2 Changes in (a) the area ratio and (b) the amount of absorbed water and the nwater value with the grafted amount; area ratio-0 : dry ePTFE-g-PHEMA/ePTFE, L~ : water-swollen ePTFE-g-PHEMA/ePTFE, D : waterswollen ePTFE-g-PHEMA/dry ePTFE-g-PHEMA. Figure 4 Variation in the specific initial velocity of native (0) and immobilized (0) urease with the pH level at the activity measurement; Immobilization on an ePTFE-g-PHEMA film with 4.96 mmol/g-ePTFE occurred in the pH regions above mentioned. The activity of urease immobilized on an ePTFE-g-PHEMA film with the grafted amount of 5.64 mmol/g-ePTFE was repeatedly measured at the temperatures ranging 10 to 70 °C in a pH 7.5 buffer. Figure 5 shows the effect of temperature on the specific initial velocities of native and immobilized urease. Native urease had the maximum activity at 30 °C, whereas the activity of immobilized urease was almost kept constant without a considerable loss in the range of 30 to 60 °C even if the activity measurements were repeated. This means that little leakage and denaturation of immobilized urease occur during the repeated activity measurements, washing and storage. However, the specific initial velocity gradually decreased by the repeated activity measurements at 70 °C because of some thermal denaturation. Figure  6 shows the change in the relative activity calculated from the specific initial velocities for native and immobilized urease at the same temperature with the reaction temperature. The optimum temperature for immobilized urease was shifted to 60 °C from 30 °C for native urease, although the activity of immobilized urease is lower than that of native urease. It is under-standable that an enhancement in the thermal stability can be attributed to the prevention of thermal denaturation probably due to the multi-point attachment between a urease molecule and grafted PHEMA chains.
The effect of the immobilized amount on the activity
The urease-immobilized ePTFE-g-PHEMA films with the amount of immobilized urease of 11 to 5 5 mg/g-ePTFE were prepared by the immobilization onto an ePTFE-g-PTFE film with a grafted amount of 2.70 mmol/g-ePTFE at pH 7.0. Figure 7 shows the change in the relative activity of immobilized urease with the immobilized amount. The relative activity for the immobilized urease determined in a pH 7.5 buffer containing 1.0 mM urea at 30 °C were kept constant in the range below the grafted amount of 40 mg/g-ePTFE. However, the further increase in the grafted amount resulted in a sharp decrease in the activity of immobilized urease. The amounts of native urease equivalent to the immobilized urease and 0.040 mmol of urea were dissolved in a pH 7.5 buffer of 40 cm3 (concentration = 3.02 ' 9.18 µg/cm3), and then the initial velocities were determined.
The initial velocity for native urease was directly proportional to the urea concentration and native ureas had 
3.6
The effect of the grafted amount on the activity The immobilization of urease was carried out onto ePTFE-g-PHEMA films with different grafted amounts so as to prepare the samples with an almost constant immobilized amount (average immobilized amount = 26 .4 mg/g-ePTFE). Figure 8 shows the change in the relative activity with the grafted amount. The activity of immobilized urease decreased with an increase in the grafted amount . In addition, the activity was kept almost constant at the repeated activity measurements irrespective of the grafted amount. Here, the increase in the grafted amount leads to the increase in the thickness of the grafted layer. Urease molecules would be also immobilized to grafted PHEMA chains formed on the pore surfaces inside the ePTFE films at higher grafted amounts. Therefore, the relative activity is considered to decrease mainly due to the decrease in the diffusivity of urea molecules into the grafted layers.
Conclusions
We have prepared the urease-i-(ePTFE-g-PHEMA) films and pursued the activity of immo-bilized crease as a function of the pH level , t emperature, the immobilized amount , and the grafted amount. The results are summarized as follows:
(1) The ePTFE-g-PHEMA films prepared by the combined use of the plasma treatment and photografting possess high water-absorptivities .
(2) The activity of urease immobilized at the pH level of 7.0 has the maximum value at the optimum pH level of 7.5 for native urease.
(3) The activity of urease immobilized onto the ePTFE-g-PHEMA films with the grafted amounts ranging below 40 mollg-ePTFE increases with a decrease in the immobilized amount . (4) The alkaline-resistance and thermal stability of urease are improved by the covalent immobilization onto the ePTFE-g-PHEMA films , although the activity of immobilized urease is lower than that of native urease and the immobilized urease is repeatedly usable without a considerable decrease in the activity. 
